Abstract. In recent years, surface acoustic wave devices used in bio-sensing applications have demonstrated high sensitivity in the detection of fluid properties such as density, viscosity, stream velocity. In this paper, a more effective measurement of the SAW sensor structure is presented. It is reported that at density of 6 g/cm 3 , the amplitude of mechanical wave is excited while for electrical signal, attenuation at 3 g/cm 3 reaches a peak. In our analysis, single-crystal Aluminium Nitride substrate is used. Several parameters of leaky waves including displacement, decay constant in the liquid media are analyzed.
INTRODUCTION
Saw devices have been applied for sensing chemical and physical features in gas and liquid phases. A mechanical wave in the piezoelectric crystal which is generated by metal electrodes or interdigital transducers (IDTs) placed travels through substrate [1, 2] . It includes a Rayleigh and a shear mode which propagate through the surface as shown in Fig. 1 . The Rayleigh mode, termed Rayleigh wave, is a combination of longitudinal and shear vertical particle displacement while the shear mode, termed Shear HorizontalSurface Acoustic Wave (SH-SAW), is a shear horizontal wave on the surface [4] [5] [6] .
While the shear component is very attractive for liquid sensors, the presence of the normal displacement component is a reason why Rayleigh-SAW devices are poorly suited for liquid sensing applications [2] . In contact of the solid-liquid medium, the shear vertical, a component of the Rayleigh, and shear horizontal wave couple into the liquid, generate compression waves and lead to dissipated power and extreme attenuation of SAWs. If the contact is too large, these components are able to attenuate excessively and change Rayleigh wave features. On the other hand, surface particles do not move in ellipses in planes being normal to the surface and parallel to the direction of propagation [7, 8] . Therefore, for liquid sensing applications, the longitudinal component should have inappreciable attenuation. In other words, decay constant along the X 3 -axis is small in the fluid domain. In a previous paper, a new vertical structure was presented to reduce this impact [9] . Its key feature is that the contact area of the solid-liquid which closes to surface is smaller (as shown in Fig. 2 ). This Rayleigh surface acoustic wave structure for characterizing a liquid is sensitive to the different liquids deposited in the well (specifically density changes). Furthermore, as the used Lithium Niobate (LiNbO 3 ) substrate exhibited a low frequency response, it was not appropriate for the engineering with micro-electromechanical systems [10, 11] .
This work proposes a measurement method of SAW devices on single-crystal AlN substrate to detect liquid density range. The fundamental of acoustic wave in the stationary and moving fluid static is analyzed. Also, phase shift and amplitude ratio of mechanical waves and electrical output signal are investigated.
FUNDAMENTALS OF ACOUSTIC WAVE SENSORS FOR LIQUID
To satisfy the stress-free boundary, compression and shear waves propagate together on the substrate. It is assumed that the generalized surface acoustic wave propagates in the ( X 1 , X 2 ) direction and has a displacement profile u 1 which varies with the depth X 3 of the single-crystal as:
where k is the wave number, ν is the velocity of the wave, b is the decay constant of the wave in the X 3 direction and (l 1 , l 2 ) is the set of propagation direction along the surface. The component X 3 is perpendicular to the surface and W 1 , W 2 , W 3 represent displacement amplitudes of the X 1 , X 2 and X 3 directions, respectively. It is supposed that there exists a liquid medium positioning in the propagation path with the coordinate system as shown in Fig. 3 . Fig. 3 . The coordinate system is used in calculations [6] .
The Rayleigh wave is characterized by the lack of transversal component. Thus Eq. 1 omits X 2 and l 1 equals to unit. Hence, traveling wave form is independent of the X 2 coordinate. Since the displacement component u 2 is removed, l 2 is zero [2, 12] .
Acoustic wave in the stationary fluid domain
The traveling wave solutions are sought in the form [6] :
is the decay constant of the wave in the X 3 direction and
is the relation coefficient. ρ f is the fluid density and c f is the elastic constant of the fluid. The fluid viscosity is ignored in the traveling wave solutions.
Acoustic wave in the moving fluid domain
It is assumed that the flow direction coincides with the wave propagation as Ω = β(t). Hence, the displacement component is written:
The wave propagation in a non-piezoelectric and piezoelectric media is described:
where ρ is the mass density of material and c ijkl are the elastic stiffness tensors (as shown in Appendix), respectively. When the flow function is constant or linear, results of the displacement amplitude ratio are similar with the stationary liquid. With the other cases, substituting into Eq. 4, it can be expressed as:
Consequently, these displacement components in the stationary and moving fluid static depend on density. In the output, the transducer converts vibrations of acoustic waves into electrical signals. Also, the potential is influenced by the mechanical displacement u i . Therefore, the amplitude and phase of output are changed by any perturbation of the SAW.
DESIGN PARAMETERS AND MEASUREMENT METHOD OF LIQUID SENSING SYSTEM
In this section, the R-SAW sensor configuration, the system configuration on singlecrystal AlN substrate and the measurement method are described.
Structural parameters
Based on previous results, when the vertical well reduces the contact area between solid and liquid, it drives to restrict the excessive attenuation phenomenon [9] . As the surface wave amplitude decreases exponentially with increasing distance from the surface, it is possible to avoid the wave reflection at the bottom if wavelength is larger than substrate depth [2] . So, the thickness of the chosen single-crystal Aluminium Nitride (AlN) substrate is longer in the simulation. Additionally, it is able to propagate SAWs more swiftly, exhibit both higher frequency and compatibility in micro-electromechanical systems (MEMS) [5] . For the leaky SAWs generated by piezoelectric materials like Lithium Niobate (LiNbO 3 ), Lithium Tantalate (LiTaO 3 ) and quartz, K 2 is larger and the temperature stability for certain orientation is better [13] [14] [15] . The liquid sensing system consists of two channels: a reference channel (Channel 1) and a sensing channel (Channel 2). Fig. 4 shows the top view and the cross-section of the R-SAW sensor. Six IDT pairs for input and output are covered by Aluminium. The well pierces through the center of the Channel 2. Sample liquids are poured onto the well. With the multiple channel structure, the sensor can simultaneously measure the changeable electrical and mechanical properties of sample liquids. The density products are obtained from the differential phase shift between the reference channel and the sensing channel and amplitudes of both channels are detected.
Design parameters of two channels are as follows in Tab. 1. Each channel includes two-port and a delay line. The substrate is made of single-crystal AlN in class 6mm symmetry. The stiffness, piezoelectric constant and permittivity of the material are shown fully in the appendix. To build a 3D model of single-crystal AlN substrate, a 3D domain of size 400 µm along X -axis, 200 µm along Y -axis and thickness along Z -axis is created. Liquids are deionized water and water/glycerol mixtures (W/G). They are classified into two groups: The Standing Group including W/G densities within the range of 1 to 13 g/cm 3 , and the Moving Group consisting of deionized water with velocity ν = 0, ν z = 10 and 2t µm/s where t is the time. The piezoelectric surfaces of the developed models are meshed with maximum element size of 32 µm and the IDT boundaries are meshed with a maximum element size of 8 µm. These parameters provide a much denser mesh at the top of the model which is essential to achieve a high accuracy in simulating the SAW propagation. A sinusoidal voltage 10 V of frequency 143 MHz is applied to the input IDT to generate the needed SAWs. The output voltages in both cases are acquired at the alternating fingers of the output IDT.
Measurement method
The relation between input and output is given by the frequency response function H which is the Fourier transform of the unit impulse response function of the system. It can be calculated optimally from the input power spectrum density P XX and the cross power spectral density P XY as the following equation [16] :
The signal attenuation is measured with the first output IDT. As it is long, a used larger time window is to avoid scattering from substrate edges. It applies the geometry scaling factor and performed Turkey windowing for both with and without well signals [17, 18] .
RESULTS AND DISCUSSIONS
Simulation time of two R-SAW channels is 1 µs for the stationary group, 200 nsec for the moving group and a time step is 0.09 nsec.
Investigating Stationary Group
Mode profiles in Z and X coordinate are illustrated in Fig. 5 . These modes are referred to as the Rayleigh waves because Z component varies across the thickness of devices and X component which is in the propagation direction involves changes in the substrate thickness. The shear wave going through the fluid domain disperses part of the energy in the longitudinal direction. However, generated compression wave increases inappreciably excepting density equals to 6 g/cm 3 . The contour plot for envelops of total particle displacements at different liquid densities is shown in Fig. 6a . The mechanical wave at density 6 g/cm 3 is more strongly excited. Nevertheless, in Rayleigh mode, amplitude ratio at density 3 g/cm 3 reaches a peak (in Tab. 2). When the mechanical wave is converted into the output electric signal; output voltage is thus influenced. When electrical potential of density 6 g/cm 3 reaches the highest value, the potential difference between consecutive IDTs is lower than output voltage of device without well. Fig. 7 also shows that power spectral density of SAW structure without well roses to a peak.
Also, Fig. 8 shows the amplitude ratio and phase shift of surface acoustic wave of the sensing channel with different liquids. It drives to changes in the electrical output such as amplitude and phase. For the mechanical wave and electrical signal, the lowest peak of amplitude ratio is achieved at density 6 g/cm 3 . However, Fig. 8 and 9 show that while phase at 12 g/cm 3 is always faster, phase at 6 g/cm 3 moves slower than that of device without well. Phase of SAW is most affected by density at 3 g/cm 3 . From Fig. 10 , the time delay is an increasing function when the investigation time is long. Nevertheless, the electrical attenuation at these density values does not comply with this rule. Liquids with density 3, 12 g/cm 3 result in the highest insertion loss for the sensing channel (Fig. 11) . The cause is the excessive attenuation of shear waves at the liquid media.
Investigating Moving Group
This group is simulated within 200 nsec. Flow plays a role in excitation impact when it travels across the well and thus dissipated power of Rayleigh wave is less. The more velocity presents, the less this mode generates compressional waves like Fig. 12 in the short time.
According to the stream existence along X 3 -axis, the total displacement is excited as shown in Fig. 13 . It results in a near linear increase in the amplitude ratio of SAW motion for both the mechanical and electrical field. It leads to phase shift. However, Fig. 14 shows that potential difference between alternating IDTs of runoff is smaller than that of the reference channel. When the time delay of the stationary liquid is compared without well, it is much larger than that of the moving liquids with the same density as above Fig. 15 . The flow affects the shear wave component and thus insertion loss of the moving liquid is higher than that of the standing liquid as shown in Fig. 16 . When velocity is increased, the insertion loss is also moved up. Hence, besides density, runoff plays a role in influencing amplitude ratio, phase shift, time delay and attenuation of the surface acoustic waves and electrical output signal. However, a fine mesh is required for accurate modeling of the SAW liquid sensor. It is necessary to increase the number of investigation cases for density and velocity. Also, another problem is the simulation time. It will increase with mesh size. Acoustic waves reflect from edges if the simulation time is sufficiently long. Although long simulation time is necessary to attain a stable state, it results in wave reflections causing instabilities. So, simulation time of 1 µs and 200 nsec is the good way to optimum it.
CONCLUSIONS
This paper presents a sensing system using a Rayleigh wave mode for the stationary liquid and moving group. They are highly influenced by the liquid density and achieve attenuation peak at density 3 g/cm 3 but in the X 3 axial displacement it is very low. However, the mechanical wave is excited most at density 6 g/cm 3 . The 3D finite element analysis is performed to investigate the performance of the R-SAW sensor for liquid within longer simulation time. The response of SAW devices under alternating-current excitation proved that it is very sensitivity with small changes of the liquid if the well is placed in the middle of the two-port SAW delay-line device. This study provides a strong basis for manufacturing and designing R-SAW sensors in practice.
